In plants, the cell wall is a major determinant of cell morphogenesis. Cell enlargement depends on the tightly regulated expansion of the wall, which surrounds each cell. However, the qualitative and quantitative mechanisms controlling cell wall enlargement are still poorly understood. Here, we report the molecular and functional characterization of LRX1, a new Arabidopsis gene that encodes a chimeric leucine-rich repeat/extensin protein. LRX1 is expressed in root hair cells and the protein is specifically localized in the wall of the hair proper, where it becomes insolubilized during development. lrx1-null mutants, isolated by a reverse-genetic approach, develop root hairs that frequently abort, swell, or branch. Complementation and overexpression experiments using modified LRX1 proteins indicate that the interaction with the cell wall is important for LRX1 function. These results suggest that LRX1 is an extracellular component of a mechanism regulating root hair morphogenesis and elongation by controlling either polarized growth or cell wall formation and assembly.
Plant cells are surrounded by a rigid wall, which confers stability and protection to the cell but also restricts its enlargement and prevents cell migration. Consequently, many aspects of plant development are dependent on the proper regulation of cell wall expansion. The primary plant cell wall is composed of a network of cellulose microfibrills, which are interconnected with xyloglucan chains and embedded in a hydrated pectin matrix (Carpita and Gibeaut 1993) . Three main classes of cell wall structural proteins have been described as follows: proline-rich-proteins (PRPs), glycine-rich-proteins (GRPs), and hydroxyproline-rich-glycoproteins (HRGPs), also called extensins (Keller 1993; Showalter 1993; Cassab 1998) . Extensins contain Ser-Hyp 4 pentapeptide repeats, which are glycosylated by galactose and arabinosyl side chains (Wilson and Fry 1986) . Extensin gene expression is induced or up-regulated in tissues under tensile stress (Shirsat et al. 1996) , strong mechanical pressure (Keller and Lamb 1989) , upon wounding (Wycoff et al. 1995) , and pathogen infection (Garcia-Muniz et al. 1998) . Subsequent protein insolubilization has been interpreted as a mechanism to strengthen the cell wall in which an increased resistance is required (Fry 1986 ). Extensins might also be more generally involved in plant development as regulators of cell wall expansion (Carpita and Gibeaut 1993) or as linkers between the cell wall and the plasma membrane (Knox 1995) .
In recent years, several key enzymes involved in cell wall synthesis and remodeling have been identified, clarifying how cell wall expansion proceeds (for review, see Nicol and Höfte 1998; Cosgrove 1999; Delmer 1999) . However, the molecular mechanisms that locally regulate cell wall modifications and relay information on the cell wall status to the cytoplasm, are still largely unknown. Leucine-rich repeat (LRR) proteins, which mediate protein-protein interactions in many different cellular processes (Kobe and Deisenhofer 1994) might also have a regulatory or signaling function in the expanding plant cell wall. In plants, LRRs form the extracellular domain of several receptor-like kinases involved in development, hormone perception, and pathogen response (Song et al. 1995; Torii et al. 1996; Clark et al. 1997; Li and Chory 1997; Jinn et al. 2000) . The extracellular polygalacturonase inhibiting proteins (PGIPs), which have a role in plant defense and possibly during development, are also LRR proteins (Jones and Jones 1997) .
Root hairs have been established as a useful model to study cell expansion and cell shape specification in higher plants (Schiefelbein 2000) . Root hairs are made of single cells, are easily accessible, and follow a precise morphogenetic pathway providing landmarks to assess developmental alterations. Root hairs are formed by specialized rhizodermal cells (trichoblasts), which, by reorienting cell expansion, form a long tubular structure almost perpendicular to the main cell axis. In Arabidopsis, root hair initiation takes place at the basal end of the trichoblast, when these cells enter the differentiation zone (Dolan et al. 1994) . The root hair emerges as a bulge, which subsequently elongates by tip growth. The latter represents an extreme case of asymmetric growth and relies on a precise cytoplasmic polarization, restricting exocytosis of new material to the small apical area, in which the actual cell expansion occurs. The actin cytoskeleton, microtubules, and gradient of calcium concentration over the plasma membrane at the tip have been shown to be important for root hair growth and orientation (Schiefelbein et al. 1992; Bibikova et al. 1997 Bibikova et al. , 1999 Wymer et al. 1997; Miller et al. 1999) .
Genetic dissection of root hair development in Arabidopsis has identified several loci specifying root hair morphogenesis (Schiefelbein and Somerville 1990; Schiefelbein et al. 1993; Masucci and Schiefelbein 1994; Grierson et al. 1997; Parker et al. 2000; Favery et al. 2001) . However, only two of the genes encoded at those loci have been cloned to date, RHD3, which encodes a GTP-binding protein acting in vacuole biogenesis (Galway 1997; Wang 1997) and KOJAK, a cellulose synthaselike protein necessary for cell wall biosynthesis in root hairs (Favery et al. 2001) . The rhd3 mutation is epistatic and results in plants with a short stature with waving root hairs, whereas the kojak mutation results in root hairs with a weak cell wall that ruptures soon after root hair initiation.
Here, we report the molecular and functional characterization of LRX1, a new Arabidopsis gene encoding a chimeric, extracellular protein containing both a LRR and an extensin protein domain. LRX1 expression is restricted to root hair cells and LRX1 is localized in the root hair proper, where it is tightly associated with the cell wall. The analysis of lrx1-null mutants and plants overexpressing a truncated form of LRX1 revealed that this gene is an important factor in the process of root hair development. These results suggest that LRX1 represents a cell wall component involved in the regulation of cell expansion.
Results

LRX1 encodes a LRR/extensin chimeric protein
Computer analysis suggested that the tomato extensin gene TOML-4 (Zhou et al. 1992) , in fact, encodes a LRR/ extensin protein (Jones and Jones 1997) . We obtained the full-length gene by screening a tomato genomic library with the PCR-amplified 5Ј region of the TOML-4 gene. Subsequent sequence analysis confirmed that TOML-4 encodes a protein with an amino-terminal LRR domain in frame with a carboxy-terminal extensin domain (data not shown). Comparison with entries in the Arabidopsis DNA database revealed a total of 11 genes homologous to the TOML-4 LRR domain. The gene with the highest homology to TOML-4 was named LRX1 (LRR/EXTENSIN1).
LRX1 is located on chromosome I, BAC clone F12F1, and consists of an intronless ORF of 2235 bp, encoding a protein of 744 amino acids. Comparison between the LRX1 genomic sequence isolated from an Arabidopsis genomic library and the cDNA sequence amplified by RACE-PCR confirmed the absence of introns. The position of the transcription start and the polyadenylation signal were localized 36 nt upstream and 2442 nt downstream of the ATG protein translation start, respectively (data not shown). The protein primary structure consists of a predicted signal peptide, a short domain that shows no significant homology to known functional motifs, a LRR domain of 260 amino acids and a carboxy-terminal extensin-like domain of 363 amino acids (Fig. 1A,B) . The LRR domain contains 11 repeats of 22-25 residues matching the plant extracytoplasmic LRR consensus sequence LxxLxxLxxLxLxxNxLxGxIPxx (Jones and Jones 1997) (Fig. 1B) . The LRR domain of LRX1 shares 53% of sequence identity with the amino-terminal domain of PEX1, a maize pollen-specific LRR/extensin whose LRR domain went unnoticed (Rubinstein et al. 1995a) , and 73% with the LRR domain of TOML-4 (Zhou et al. 1992) (Fig. 1C) . LRX1 also shows a strong similarity with 10 other putative Arabidopsis proteins, all containing a conserved LRR domain and a variable extensin domain (data not shown). Numerous SerPro 4 motifs, which are organized in three different higher-order repeat sequences [SP 5 (Y/S)SKMSPSVRAY; SP 4 YVYS; SP 4 (S/ V)P(V/L)YYPxVTx, where x is P, Q, S, N, or Y], constitute much of the carboxy-terminal domain of LRX1 (Fig.  1B) . The extensin domain contains nine Tyr-x-Tyr triplets, which are considered as potential sites for either intra-or intermolecular covalent cross-linking (Kieliszewski and Lamport 1994). The LRX1 gene was found only once in the Arabidopsis genome sequence and Southern blot analysis confirmed that LRX1 is a single copy gene (data not shown).
LRX1 is expressed in differentiating root hair cells
The expression pattern of LRX1 was determined by Northern hybridization and analysis of transgenic plants harboring the bacterial uidA gene under the control of the LRX1 promoter (pLRX1ϻGUS). Northern hybridization revealed a single band of ∼2.6 kb exclusively present in root RNA extracts ( Fig. 2A) corresponding in size to the LRX1 cDNA obtained by RACE-PCR. The expression of the pLRX1ϻGUS construct was analyzed in 10 independent transgenic lines. Consistent with the data obtained with Northern hybridization, GUS activity was only detected in roots and was first observed in the epidermal cells of the collet transition zone, in which the first root hairs are formed shortly after germination (Fig.  2B, panel 1) . Upon further development of the seedlings, LRX1 is required for root hair morphogenesis expression was observed to be restricted to trichoblasts along the differentiation zone (Fig. 2B , panels 2-4). GUS activity was first detected in cells in which a small bulge could be identified as an emerging root hair (Fig. 2B , panel 5) and persisted during root hair formation. In mature parts of the root, GUS activity gradually faded. No expression was detected in either the meristem region or the elongation zone of the root, whereas columella cells in the root cap were stained (Fig. 2B, panel 3) . The same GUS expression pattern was reiterated in lateral roots (data not shown).
Because root hair development is dependent on and promoted by ethylene, we tested the expression of the reporter gene in pLRX1ϻGUS seedlings treated with the ethylene biosynthesis inhibitor L-␣-(2-amino-ethoxyvinyl)gly (AVG) (Tanimoto et al. 1995) . AVG treatment almost completely prevented both root hair development and GUS expression in pLRX1ϻGUS seedlings compared with untreated control plants (Fig. 2C) . Endogenous LRX1 gene expression was also almost completely abolished in AVG-treated wild-type plants (Fig. 2D, left) . Similarly, LRX1 expression was strongly reduced in the almost root hairless rhd6 mutant (Masucci and Schiefelbein 1994) (Fig. 2D, right) . These results confirm that LRX1 expression is highly correlated with root hair development. 
LRX1 is located in the root hair proper and is insolubilized during development
To determine the cellular localization of LRX1, transgenic plants expressing a c-myc-tagged LRX1 protein under the control of the LRX1 promoter sequence (myc-LRX1 plants) were generated (Fig. 1A ). This approach was used to specifically detect LRX1, considering the number of related LRX genes whose products might cross-react with antibodies raised against LRX1. On protein blots, anti-c-myc monoclonal antibodies (mycmAbs) detected a single polypeptide of 160 kD in root protein extracts of mycLRX1 plants but not of wild-type plants (Fig. 3A) . The difference between the apparent molecular mass and the calculated size of the LRX1 protein sequence (85 kD) is probably a result of extensive glycosylation of the extensin domain. To investigate the organ distribution of the LRX1 protein, we performed tissue-print immunolocalization of mycLRX1 in young seedlings. In mycLRX1 plants, signals were detected along the root at positions corresponding to the differentiation zone, whereas no signal above background was detected in control plants (Fig. 3B ). The tagged protein was also localized at the cellular level by whole-mount immunolabeling. Root hairs proper were specifically labeled, whereas the rest of the trichoblast cells were not decorated (Fig. 3C , panels 1-3). In agreement with the pLRX1ϻGUS expression pattern, no labeling was observed in either atrichoblast, meristematic, or elongating cells (data not shown). MycLRX1 was detected through- (Rt) were harvested from 14-day-old seedlings grown vertically on MS medium. For Northern analysis, 10 µg of total RNA was hybridized with a 32 Plabeled LRX1 probe and 25S rRNA was used as loading control (bottom). (B) Transgenic seedlings containing the LRX1 promoter fused to the uidA gene were histochemically stained at different developmental stages to reveal the tissue-specific expression of LRX1. GUS activity (blue staining) was first detected in the epidermal root hair forming cells of the collet region, 2 d after germination (1). In 4-dayold seedlings, GUS activity was mainly detected in rhizodermal cells of the root differentiation zone (rdz) and in the root cap (2,3). In the differentiation zone, only trichoblast cell files (t), which alternate with atrichoblast cell files (a), show GUS activity (4). GUS expression is first visible within cells undergoing root hair (rh) initiation (5). Bars, 400 µm (1,3), 800 µm (2), 200 µm (4), and 20 µm (5). (C) GUS expression in AVG-treated seedlings. AVG treatment (AVG+) prevented root hair formation and blocked GUS expression compared with control seedlings (AVG−). Bar, 250 µm. (D) LRX1 expression in AVG-treated seedlings and rhd6 mutants. Total RNA was extracted from seedlings grown on MS medium containing the ethylene biosynthesis inhibitor L-␣-(2-amino-ethoxyvinyl)glycine (left, AVG+), from rhd6 mutants, which do not develop root hairs (right, rhd6), and from wild-type control plants grown on normal MS medium (left, AVG−; right, WT). Total RNA (10 µg) was used for Northern analysis. 25S rRNA was used as loading control (bottom).
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out root hair development as follows: during initiation (Fig. 3C , panel 3), elongation ( Fig. 3C , panel 4) and even after root hair maturation (Fig. 3C , panel 5). Labeling was evenly detected all over the root hair structure, indicating a regular distribution of the protein (Fig. 3C, panel 1) . Thus, whole-mount immunolocalization revealed that mycLRX1 is present specifically in root hairs at all developmental stages. However, in tissue-print analysis, mycLRX1 was detected only along the differentiation zone. This difference suggests that LRX1 is soluble in the early stages of root hair development and becomes insolubilized in later stages. As HRGPs have been shown to be insolubilized in the cell wall by oxidative crosslinking (Fry 1982; Bradley et al. 1992 ) the LRX1 extensin domain might mediate the interaction of mycLRX1 with other cell wall components during root hair development.
To determine whether mycLRX1 is immobilized in the cell wall, root cell walls were purified by extraction in phenol-acetic acid to remove soluble proteins as well as cytoplasmic and membrane components. The insoluble cell wall fraction was then immunolabeled with myc-mAbs. Elongated thin-walled structures, identified as root hair debris, were regularly decorated in mycLRX1 plant material (Fig. 4A,B, left) , whereas such structures were not labeled in wild-type material (Fig. 4A,B, right) . This indicates that a significant amount of mycLRX1 protein strongly interacts with the root hair cell wall and cannot be extracted.
Identification and characterization of transposon-tagged lrx1 mutants
To investigate the biological function of LRX1, we identified lrx1 loss-of-function mutants by screening an En-1-mutagenized Arabidopsis population. Three independent lines were identified that carried an insertion in the LRX1 gene and these were named lrx1-1, lrx1-2, and lrx1-3, according to the position of the insertion in the sequence (Fig. 1A ). LRX1 expression was tested in the three mutant lines by Northern hybridization. No transcript could be detected in the lines lrx1-1 and lrx1-3, whereas in the line lrx1-2, a shorter LRX1 transcript of 1.3 kb was detected at a much lower level compared with wild type (Fig. 5) .
Root hair development was compared between wildtype and homozygous mutant plants grown vertically on the surface of agar plates. In contrast to wild-type plants, which showed an even pattern of straight and thin root hairs (Fig. 6A,C,E) , lrx1 mutants exhibited an extremely irregular root hair development (Fig. 6B,D,F) . The majority of the root hairs did not elongate completely and was Protein gel blot of root extracts from wild-type (WT) and transgenic (mycLRX1) plants expressing the c-myc-tagged LRX1 protein under control of the LRX1 promoter. Blots were incubated with the mouse myc-mAbs (left) and a duplicate gel was stained with Coomassie blue to test for equal loading (right). (B) Tissue print immunoblot. Four-day-old wild-type (WT) and transgenic mycLRX1 (mycLRX1) seedlings were pressed on nitrocellulose membranes to transfer soluble proteins. A scheme of seedlings at the same scale as the blots is represented at left of the panels for orientation. Arrowheads indicate the position of each root tip and frames delimit the root differentiation zone. The dark spots at the top of the membrane were caused by anthocyanins of the cotyledons also transferred onto the membrane. Signals were visible in the differentiation zone of mycLRX1 plants (mycLRX1) but not in controls (WT). Bars, 1 mm. (C) Whole-mount immunolocalization of mycLRX1. Three-day-old wild-type (WT) and mycLRX1 (mycLRX1) seedlings were fixed and immunolabeled with myc-mAbs. The c-myc epitope was found to be associated with root hairs in mycLRX1 (1), but not in wild-type (2) seedlings. Labeling was visible from root hair initiation (3), throughout root hair elongation (4), and after root hair maturation (5). Bars, 100 µm (1,2), 25 µm (3-5).
shorter at maturity than wild-type root hairs (Fig. 6A-B) . lrx1 root hair development was often arrested early after initiation, resulting in short stumps. Root hairs that proceeded further, frequently branched with one or two lateral branches emerging from the central stalk (Fig. 6F) . lrx1 root hairs frequently showed swelling, either at the basis or along the main stalk, resulting in root hairs of irregular diameter or, in some extreme cases, in a spherical structure severalfold the normal diameter of a root hair (Fig. 6F) .
Trichoblast morphology, except for the hair itself, was not affected and the basal location of the root hair initiation site (Dolan et al. 1994 ) was preserved. Root hair differentiation also took place at the same distance from the root tip in the mutants compared with the wild type, and a similar number of root hairs was initiated (Fig.  6C,D) . Furthermore, the alternate pattern of trichoblast and atrichoblast cell files as well as the inner anatomical organization of the root was indistinguishable between mutant and wild-type roots (data not shown). The three mutant lines displayed the same phenotype and can be considered as complete loss-of-function mutants, in view of the absence of LRX1 transcript in two of the lines. lrx1 mutants grew normally on soil and did not display any defect beside the altered root hair development. The mutant phenotype segregated in a 1:3 ratio in the progeny of a lrx1 heterozygous plant, indicating that the lrx1 mutation is recessive.
A complementation test was performed by crossing a transgenic mycLRX1 plant into the lrx1 mutant background. Analysis of the F 2 and F 3 progeny revealed that the mycLRX1 construct fully rescued the mutant phenotype (data not shown). This result shows that the lrx1 mutation is responsible for the observed root hair phenotype. It also shows that the mycLRX1 transgene is correctly expressed and encodes a fully functional protein, which is localized in the correct subcellular compartment.
A complementation test with previously isolated rhd1, rhd2, rhd3, and rhd4 root hair development mutants (Schiefelbein and Somerville 1990) was performed. The analysis of the F 1 seedlings of the corresponding crosses revealed that lrx1 is not allelic to any of the rhd mutants. It was also excluded that lrx1 is allelic to the other described mutants affecting root hair morphogenesis (tip1, Schiefelbein et al. 1993; cow1, Grierson et al. 1997; shv1 to shv3, cen1 to cen3, bst1, and scn1, Parker et al. 2000) by comparing the position of the loci on the genetic map. Therefore, LRX1 constitutes a new gene involved in root hair development.
Constitutive overexpression of full-length and truncated LRX1 proteins
The LRX1 gene under the control of the 35S CaMV promoter was transformed into wild-type Arabidopsis. Several transgenic lines displayed an LRX1 transcript level much higher than wild-type plants and one representative line was selected for further analysis. The higher LRX1 expression in the roots of the 35S-LRX1 transgenic plants compared with wild type was demonstrated by Northern hybridization and protein immunoblotting (Fig. 7A,B) . For immunodetection, an anti-LRX1 polyclonal antiserum raised against the LRR domain of LRX1 was used. The phenotype of the 35S-LRX1 plants was analyzed on MS plates and on soil. No difference in growth or morphology could be detected between transgenic and wild-type plants, indicating that an excess of LRX1 does not affect plant development (Fig. 7C, panel  2) . Complementation of the lrx1 mutant by the 35S-LRX1 construct confirmed that the overexpressed LRX1 is functional (data not shown). . LRX1 expression in lrx1 mutants. Total RNA was extracted from 14-d-old seedlings grown vertically on the surface of MS plates. Seedlings from wild-type Columbia (WT) and from each of the three lrx1 mutant lines (lrx1-1, lrx1-2, and lrx1-3) were used. Total RNA (20 µg) was loaded per lane and the membrane was hybridized with a 32 P-labeled LRX1 probe (see Fig. 1A ). 25S rRNA was used as loading control (bottom). Wild-type (WT) and mycLRX1 (mycLRX1) roots were ground in liquid nitrogen and cell walls were purified before immunolabeling with myc-mAbs and gold-conjugated secondary antibodies. After silver enhancement, the preparation was observed under epipolarized light (A) to reveal the labeling, or transmitted light (B) to identify cell types. Tubular structures, identified as root hair debris were regularly labeled in mycLRX1 material, whereas such structures were not decorated in wild-type preparations. Bar, 100 µm.
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To study the role of the LRR domain, transgenic plants were generated that expressed under the control of the 35S CaMV promoter, a modified LRX1 protein whose extensin domain had been deleted (35S-N/LRX1). Protein immunoblotting revealed high expression of a 45-kD polypeptide in 15 of 18 transgenic lines (data not shown). The size of the detected protein is in good agreement with the calculated mass of the truncated LRX1 protein (35 kD). All of the lines expressing the N/LRX1 protein displayed a strong defect in root hair development, which completely reproduced the lrx1 mutant phenotype (Fig. 7C, panel 3) . No other alteration in development was observed in these transgenics. One representative homozygous transgenic line harboring a single T-DNA insertion and showing a high N/LRX1 expression was further characterized by Western and Northern analysis (Fig. 7A, B, panel 2) . Northern hybridization showed that the endogenous LRX1 expression was not reduced in 35S-N/LRX1 plants (Fig. 7A, panel 2) . Hence, the observed phenotype is not caused by silencing of the endogenous LRX1 gene, but is the result of a dominant-negative effect due to the overexpression of the truncated LRX1 protein.
Discussion
In this study, we have investigated the function of LRX1, a new Arabidopsis gene encoding an extracellular protein sharing homology with extensins and LRR proteins. Analysis of three lrx1 null mutants revealed that LRX1 is an important component in the regulation of root hair morphogenesis. The absence of LRX1 causes specific root hair defects such as abortion, swelling, and branching. Moreover, LRX1 expression is completely associated with root hair development because seedlings that are inhibited in this process, either as the result of a mutation (i.e., the rhd6 mutant) or treatment with AVG, did not show LRX1 expression. By use of plants producing a c-myc-tagged LRX1, the protein could be localized in the root hair proper throughout all stages of root hair development. The whole-mount immunolocalization of myc-LRX1 very likely reflects the exact localization of the endogenous LRX1 protein because the recombinant protein was able to fully complement the lrx1 mutation. The absence of labeling in the epidermal part of trichoblast cells is consistent with the observation that in lrx1 mutants these cells are normal except for the altered hair development.
LRR/extensins form a sub-family of LRR proteins
LRX1 encodes an amino-terminal domain that matches the consensus sequence of plant extracellular LRRs (Jones and Jones 1997) . The latter form the ligand-binding domain of receptor-like kinases such as CLAVATA1 (Clark et al. 1997 ), a protein thought to activate a signal- ing cascade on interaction with the secreted peptide CLAVATA3 (Trotochaud et al. 2000) . LRRs can also directly regulate enzyme activity, as found for polygalacturonase-inhibiting proteins (Toubart et al. 1992) . However, the LRR domain of LRX1 shows only a relatively low identity with either LRR-RLKs or PGIPs. Thus, the comparable number of LRRs found in LRX1 (11) and PGIPs (10) is unlikely to reflect a common inhibitory activity. In contrast, the LRR domain of LRX1 shows a high similarity (53% and 73% of identity, respectively) with the LRR domain of the maize PEX1 (Rubinstein et al. 1995a ) and the tomato TOML-4 (Zhou et al. 1992; Jones and Jones 1997) , which are both LRR/extensin proteins. This suggests that LRR/extensins constitute a new sub-family of LRR proteins, which is conserved among distantly related taxa. Interestingly, PEX1 has been localized in the walls of growing pollen tubes, a cell type which, like root hairs, elongates by tip growth (Rubinstein et al. 1995b) . Therefore, involvement in tip growth might be a general feature of LRX1-like proteins. However, it is possible that among the 11 members comprising the large LRX family in Arabidopsis, some are required for different cell wall-related processes.
The extensin domain is required for insolubilization of LRX1 in the cell wall and is crucial for LRX1 function
As extensins are frequently insolubilized in the cell wall upon developmental cues or stress (Showalter 1993) , it is possible that the function of the extensin domain of LRX1 is to direct the protein to a particular domain within the cell wall and/or to insolubilize it. The immunodetection of mycLRX1 in planta and in purified cell wall fractions provides strong evidence of the immobilization of LRX1 in the cell wall, possibly through oxidative cross-linking (Fry 1986; Brady and Fry 1997) at the nine Tyr-x-Tyr sites present in the extensin domain. The even distribution of LRX1 along the root hair proper is a possible consequence of the protein insolubilization and LRX1 might actually be translocated to the cell wall and exert its function only at the tip of the growing root hair. During ongoing growth, the cell wall at the tip becomes a part of the lateral wall, resulting in the observed distribution of LRX1. Moreover, our results suggest that the extensin domain is required for the correct LRX1 function. Overexpression of an LRX1 protein deprived of its extensin domain (N/LRX1) phenocopies the lrx1 mutants, whereas the overexpression of the full-length LRX1, although expressed at a level similar to N/LRX1, does not result in an altered root hair development. This suggests that the absence of the extensin domain allows N/LRX1 to compete for and block the interaction sites used by the endogenous LRX1 protein. In contrast, the overexpressed full-length LRX1 protein containing the extensin domain merely substitutes for the endogenous protein, as shown by complementation of the lrx1 mutant.
The possible role of LRX1 in cell expansion
Because root hair expansion is restricted to the tip, cell morphology largely depends on the proper regulation of (A) Total RNA was extracted from roots of 14-d-old wild-type seedlings (WT), transgenic seedlings overexpressing the truncated LRX1 (35S-N/LRX1) and transgenic seedlings overexpressing the complete LRX1 (35S-LRX1). Total RNA (5 µg) was loaded per lane and the membrane was hybridized with a 32 Plabeled LRX1 probe (Fig. 1A) . The blot was exposed first for 2 h (1) and the framed area in 1 was further exposed for 3 d (2). Transgene transcript levels were more than 100-fold higher than the endogenous LRX1 transcript. The bottom panel shows 25S ribosomal RNA as a loading control. (B) Immunoblot of root protein extracts from wild-type and 35S-LRX1 plants (1) and wild-type and 35S-N/LRX1 plants (2). The membrane was immunoreacted with anti-LRX1 antiserum. The endogenous LRX1 protein was not detectable with these antibodies. A duplicate gel was stained with Coomassie blue as loading control (right). (C) Phenotype of the lines used in A and B. 35S-LRX1 plants (2) are indistinguishable from wild-type plants (1), whereas 35S-N/ LRX1 plants (3) show the same phenotype as lrx1 mutants (4). Bar, 350 µm.
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the cellular events occurring at that location. The lrx1 root hair phenotype might thus be explained by a defective cell expansion, resulting from a spatially deregulated exocytosis or altered deposition of new cell wall material. In this perspective, LRX1 might contribute to establish or stabilize root hair polarization and tip growth by physically connecting the cell wall and the plasma membrane. The importance of such interactions in cell polarization was suggested by the observation that in Fucus embryos the cell wall is necessary to fix the polarization axis that determines the rhizoid outgrowth (Kropf et al. 1988; Fowler and Quatrano 1997) . Because root hair polarization and growth orientation depend on both the microtubules (MTs) and the [Ca 2+ ] gradient at the tip (Bibikova et al. , 1999 Wymer et al. 1997) , the root hair defects observed in the lrx1 mutants identify MTs and membrane Ca 2+ channels as possible direct or indirect targets for LRX1 action. Alternatively, LRX1 could function in the regulation and organization of cell wall expansion at the tip of root hairs, either by recruiting enzymes into critical domains of the cell wall or by directly regulating their activity. Defective regulation of the cell wall assembly might disturb tip growth and result in deformed root hairs. The morphological defects of rhd4 root hairs that are in some extent similar to those observed in lrx1 mutants, were shown to be associated with an irregular thickness of the cell wall, possibly as a consequence of a disturbed wall expansion (Galway et al. 1999) . Moreover, the recent identification of KOJAK as a cellulose synthase-like enzyme shows that cell wall alteration can lead to root hair abortion by the rupture of the wall (Favery et al. 2001) .
In summary, we have characterized LRX1 as a member of a new family of extracellular LRR/extensin proteins. LRX1 is one of the very few identified proteins that act in plant cell morphogenesis and shape determination. It constitutes a novel candidate for the regulation of cell wall expansion. Experiments are currently underway to characterize putative interacting partners of LRX1 and to genetically dissect the pathway it is involved in. Furthermore, using the complementation of the lrx1 mutant phenotype as a parameter for protein function, we have an excellent tool to investigate in detail the different parts of the LRX1 extensin moiety, which appears to be important for the function of the protein both in regard to insolubilization and targeting to the correct cell wall domain.
Materials and methods
Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia was used for all experiments. The rhd1, rhd2, rhd3, and rhd4 mutants were obtained from the Arabidopsis Biological Resource Center. rhd6 and tip1 were a gift of J. Schiefelbein and cow1-2 was provided by C. Grierson. The lrx1 mutants were isolated from an En-1 mutagenized Arabidopsis population by PCR screening as reported in Baumann et al. (1998) by use of the LRX1 gene specific primers MUT1f, MUT1r, MUT2f, MUT2r, and a probe derived from the LRX1 cDNA fragment 332-1148 spanning the LRR domain (referred to as LRX1 probe). The precise positions of the En-1 insertions were obtained by cloning and sequencing the PCR products spanning the right and left border of the En-1 element. Mutant plants were backcrossed at least four times with wild-type plants to remove additional insertions.
Plants were grown in soil, under continuous light at 24°C in growth chambers. Alternatively, seeds were surface sterilized, stratified in darkness for 2-3 d at 4°C, and grown vertically at 24°C, under continuous illumination along the surface of halfstrength MS medium, supplemented with 2% sucrose and 0.6% Phytagel (Sigma). Transgenic seedlings were selected on halfstrength MS plates with 0.8% Phytoagar (GIBCO BRL) supplemented with 50 µg/ml kanamycine. All analyses using transgenic lines were performed in the T 3 or T 4 generation.
DNA primers
The following DNA primers were used for plasmid constructs, probe amplification, and screening of the En-1-mutagenized population. The numbers in parentheses refer to the position of the 5Ј end of the primer relative to the transcription start of LRX1. lrx1f, 5Ј-AGTCGTTGCTGGCATTGACC-3Ј (332); lrx1r, 5Ј-ATCCACAGGGCGAGCAAGC-3Ј (1148); pGUSf, 5Ј-TAT GAACTTACCATTCCAAGC-3Ј (-1562); pGUSr, 5Ј-GAAGAT CTAGAGGGAACGAAGAGGAGGGA-3Ј (71) 
LRX1 genomic clone isolation and RACE-PCR
An EMBL3 Arabidopsis thaliana genomic library (Clontech) was screened with the 32 P-labeled LRX1 probe. A SphI-NcoI genomic fragment containing the LRX1 gene with 1.8 kb of 5Ј-and 0.83 kb of 3Ј-untranslated sequence was isolated, cloned, and sequenced to confirm its identity (referred to as pLRX1). The actual transcription start site of the LRX1 gene, the polyadenylation signal, and the cDNA sequence were determined by 5Ј-and 3Ј-RACE-PCR by use of the GeneRacer Kit (Invitrogen) and the gene-specific primers MUT1r and MUT2f. The resulting PCR products were cloned and sequenced (eight independent clones for each PCR product). The LRX1 cDNA sequence has been deposited with GenBank under accession number AY026364.
Constructs and plant transformation
For the LRX1 promoterϻGUS fusion construct (pLRX1ϻGUS), 1.6 kb of the promoter region was amplified by PCR from pLRX1 with the primers pGUSf and pGUSr, digested with XbaI and HindIII, and cloned into pGPTV-KAN (Becker 1992) . For expression of the c-myc-tagged LRX1 protein (mycLRX1 construct), a sixfold duplicated copy of the human c-myc epitope (EQKLISEEDL) sequence was amplified by PCR from the vector CD3-128 (Arabidopsis Biological Resource Center) by use of the primers MYCf and MYCr, digested with AvaI, and ligated into the single AvaI restriction site of pLRX1 (position 329 in the LRX1 cDNA). A clone with the c-myc tag in the sense orientation was selected, linearized with NotI, and subcloned into pART27 (Gleave 1992) . For constitutive expression of the full-length (35S-LRX1) and truncated (35S-N/LRX1) LRX1 proteins, the LRX1 coding sequences were amplified by PCR from pLRX1 with the primer combinations 35SLRX1f/35SLRX1r and 35SLRX1f/35SN/LRX1r, digested with EcoRI and XbaI, and cloned into pART7. The expression cassette of pART7 was then subcloned into the binary vector pART27 (Gleave 1992) .
The T-DNA constructs were transformed into Agrobacterium tumefaciens GV3101 and plant transformation was performed following the floral dip method described by Clough and Bent (1998) . Transgenic plants were selected on MS agar plates containing kanamycine and the number of segregating T-DNA loci was assessed by segregation of the kanamycine resistance in the next generation. Resistant plants were transferred to soil and selected to obtain T 3 homozygous seeds.
GUS histochemical analysis
Histochemical staining for GUS activity was performed by incubation in 50 mg/ml 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc), in 50 mM Na-phosphate buffer (pH 6.8), 10 mM EDTA, 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 , 0.1% (vol/vol) Triton X-100, at 37°C for 16 h. For AVG treatments, plants were grown on the surface of normal MS medium for 3 d, transferred onto MS plates supplemented with 20 mM L-␣-(2-amino-ethoxyvinyl)glycine (Sigma) and grown for 5 additional days before histochemical staining or Northern analysis. As control, plants were transferred onto MS plates without AVG and subsequently grown for 5 d.
Protein immunoblotting
Plant material was ground in liquid nitrogen and proteins were extracted on ice with 0.5 M CaCl 2 in 100 mM HEPES (pH 7.5), 10 mM DTT, 0.5 mM EDTA, and proteinase inhibitors (Complete mini, Boehringer-Mannheim). Proteins were precipitated with deoxycholic acid/tricarboxylic acid and resuspended in Laemmli buffer. Alternatively, proteins were directly extracted in Laemmli buffer at 100°C for 5 min (35S-N/LRX1 extract). Proteins were resolved by 6% to 8% SDS-PAGE and blotted onto PVDF Immobilon-P membrane (Millipore) with the Mini Trans-Blot transfer cell (BioRad). Transfer was performed at 10 mA, for 16 h at 4°C, in 0.1% (wt/vol) SDS, 25 mM Tris, 192 mM glycine, and 15% (vol/vol) methanol. Alternatively (35S-N/ LRX1 extract), transfer was done in the Trans-Blot SD semi-dry transfer cell (BioRad), in 0.0375% (wt/vol) SDS, 48 mM Tris, 39 mM glycine, 20% (vol/vol) methanol at 0.8 mA/cm 2 of membrane for 30 min. Membranes were blocked for 1 h in 20 mM Tris (pH 7.6), 137 mM NaCl, 0.1% (vol/vol) Tween-20 (TBS-T) with 5% (wt/vol) nonfat milk. Primary antiserum dilutions were as follows: rabbit anti-LRX1 IgG, 1:10,000; mouse anti-cmyc 9E10.2, 1:5000 (Abcam). Secondary antiserum dilutions were as follows: goat anti-mouse horseradish peroxidase-conjugated IgG, 1:5000 (BioRad); goat anti-rabbit horseradish peroxidase-conjugated IgG, 1:20,000 (Sigma). All antibodies were diluted in TBS-T, incubations were done at room temperature for 1 h and were followed by four washes of 15 min in TBS-T. Chemiluminescence detection was performed with ECL+ reagents according to the manufacturer recommendations (Amersham).
Tissue print, whole-mount, and cell wall immunolocalization
Tissue-print experiments were performed as described by Cassab (1992) . Immunodetection was performed with mouse anti-c-myc 9E10.2, 1:500 (Abcam) and rabbit anti-mouse alkaline phosphatase-conjugated antibodies, 1:1000 (Boehringer Mannheim) followed by detection using the alkaline phosphatase conjugate substrate of BioRad.
Whole-mount immunolocalizations were done with 3-d-old seedlings, which were fixed for 30 min at room temperature in 4% (wt/vol) paraformaldehyde, 50 mM HEPES (pH 7.0), rinsed four times in HEPES buffer, and 6 h in 2% (wt/vol) BSA, 4× SSC. Incubations with antisera diluted in 4× SSC, 2% (wt/vol) BSA were performed at 4°C for 16 h [primary antibodies, mouse antic-myc 9E10.2, 1:1000 (Abcam); secondary antibodies, goat antimouse 1 nm of gold-conjugate IgG, 1:1000 (British BioCell International)], and followed by four washes of 1 h each in 4× SSC, 0.05% (vol/vol) Tween-20. Finally, samples were rinsed four times in ultra-pure water for 15 min each, and the signal was amplified with silver enhancement reagents (British BioCell International) . Observations were made with a Leitz Laborlux microscope equipped with epipolarized illumination.
Cell wall preparations were obtained by grinding fresh root material from 14-d-old seedlings in liquid nitrogen followed by extraction in phenol:acetic acid according to Fry (1988) . The purified cell walls were resuspended in 80% acetone and laid down on Biobond-coated microscope slides (British BioCell International) . Immunodetection was then performed on the slides as follows: material was blocked for 2 h in TBS-T, 10% (vol/vol) normal goat serum (British BioCell International), 5% (wt/vol) BSA. Incubations with antisera diluted in TBS-T, 1% (vol/vol) normal goat serum, 1% (wt/vol) BSA, were done for 2 h at room temperature [primary antibody, mouse anti-c-myc 9E10.2, 1:200 (Abcam); secondary antibody,: goat anti-mouse 1 nm of gold-conjugate IgG, 1:250 (British BioCell International)] and followed by three washes of 10 min each in TBS-T. Three additional washes of 3 min in pure water were performed before amplification of the signal with silver enhancement reagents (British BioCell International).
Phenotype observations
Light microscopical observations were done with a Leica stereomicroscope LZ M125. For scanning electron microscopy, seedlings grown on the surface of MS medium were transferred onto humid nitrocellulose membranes on metal stabs and rapidly frozen in liquid nitrogen. Samples were partly freeze dried in high vacuum (<2 × 10 −4 Pa) at −90°C for 30 min and sputter coated with platinum in a preparation chamber SCU 020 (BAL-TEC) before observation at −120°C in a SEM 515 scanning electron microscope (Philips).
Production of polyclonal antibodies
The sequence encoding the LRR domain of LRX1 was amplified by PCR using the primers recLRRf and recLRRr. Purified PCR products were digested with SphI and PstI, cloned into pQE-30 (Qiagen), and transformed into Escherichia coli BL21. Single colonies were selected and grown to an OD 600 of 0.6 before induction with 1 mM IPTG for 4 h at 37°C. Cells were collected by centrifugation, lysed in 5 vol of 8 M urea, 0.1 M Na 2 HPO 4 , 0.01 M Tris (pH 8), for 2 h at room temperature, and lysates were cleared by centrifugation (30 min, 10,000g). The His6x-recLRR fusion protein was recovered and purified by affinity chromatography on Ni-NTA agarose bead column (Qiagen). Two rabbits were immunized with the purified His6x-recLRR protein, IgG were purified by protein A affinity chromatography and used for immunoblotting.
LRX1 is required for root hair morphogenesis
